Pitipeptolides A (1) and B (2) are cyclic depsipeptides isolated from the marine cyanobacterium Lyngbya majuscula from Piti Bomb Holes, Guam. Additional analogues have now been isolated by revisiting larger collections of the same cyanobacterium. The four identified analogues, pitipeptolides C-F (3-6), are the tetrahydro analogue (3), an analogue with a lower degree of methylation (4) as well as two homologues (5 and 6) of pitipeptolide A. Their structures were elucidated using 2D NMR experiments, chiral HPLC analysis and comparison with pitipeptolide A. The identified analogues showed weaker cytotoxic activities compared to the two major parent compounds, pitipeptolides A (1) and B (2), against HT-29 colon adenocarcinoma and MCF7 breast cancer cells. On the other hand, pitipeptolide F (6) was the most potent pitipeptolide in a disc diffusion assay against Mycobacterium tuberculosis. The latter finding suggests that the structure of pitipeptolides could be optimized for selective antibacterial activity.
Introduction
The marine environment is a largely unexplored natural resource that covers most of the earth's surface. The first census of marine life (CoML 2000 (CoML -2010 has just completed a decade-long inventory that exposed some of the ocean's secrets and reflected its uncharted massive biodiversity (O'Dor et al., 2010) . From a pharmaceutical perspective, this resource yields several classes of secondary metabolites that cover biologically relevant chemical space. In particular, marine microbes are important producers of these bioactive secondary metabolites (Bhatnagar and Kim, 2010) . Among marine microbes, cyanobacteria are one of the most promising groups (Burja et al., 2001) , and within the cyanobacteria, the genus Lyngbya is the most prolific producer of bioactive compounds, including cytotoxic, antimicrobial and antifungal cyclic peptides (Tan, 2007; Liu and Rein, 2010) .
Pitipeptolides A (1) and B (2) are cyclic depsipeptides isolated from a Guamanian sample of the marine cyanobacterium Lyngbya majuscula (Luesch et al., 2001) . Both compounds contain standard proteinogenic as well as N-methylated amino acids, an a-hydroxy acid, and are characterized by the presence of the unique b-hydroxy fatty acid units 2,2-dimethyl-3-hydroxy-7-octynoic (Dhoya) or 2,2-dimethyl-3-hydroxy-7-octenoic (Dhoea) acids (Fig. 1) . Both compounds were reported to possess weak cytotoxic and moderate antimycobacterial activities. Moreover, the total synthesis of pitipeptolide A (1) was achieved, which confirmed its structure and the assigned configuration (Peng et al., 2005) . Revisiting the cyanobacterium on a larger scale led to the identification of the recently reported proline-rich cyclic depsipeptide pitiprolamide and now four more pitipeptolide analogues named pitipeptolides C-F (3-6). Here we report the isolation, structure determination as well as the biological characterization of compounds 3-6.
Results and discussion
The cyanobacterial sample was extracted three times with EtOAc-MeOH mixtures. This organic extract was subjected to solvent partitioning steps, yielding 7.2 g of a semi-polar n-BuOH fraction. The n-BuOH fraction was fractionated by silica gel chromatography. The presence of pitipeptolides in one fraction was identified by 1 H NMR spectroscopic analysis, and subsequent purification of this fraction by reversed-phase HPLC yielded pitipeptolides 3-6. The 1 H NMR spectrum of pitipeptolide C (3) indicated close structural similarity to pitipeptolide A (1). HRESIMS suggested a molecular formula of C 44 H 70 N 5 O 9 (m/z 812.5178 for [M + H] + ), which is four mass units higher than that of 1. Furthermore, the acetylenic carbons were absent in the 13 C NMR spectrum for this analogue, and two carbon resonances for an additional methylene as well as a methyl carbon were present instead. All this data indicated that 3 is a tetrahydro-analogue of pitipeptolide A (1), containing the completely saturated fatty acid derived unit 2,2-dimethyl-3-hydroxy octanoic acid (Dhoaa). (4) and are additional pitipeptolide A analogues with one less methylene group. Further analysis of the NMR spectra showed that 5 had Hmpa ? Hiva displacement, while 6 had Ile ? Val displacement compared to 1. The structures of compounds 3-6 were further confirmed by analyzing their MS/MS fragmentation patterns (Fig. 2) .
The absolute configurations of the amino and a-hydroxy acids in 3-6 were determined using chiral HPLC after acid hydrolysis. The configurations of the fatty acid derived units were determined by comparing NMR spectroscopic and optical rotation data with those of pitipeptolide A (1). The closely matching NMR chemical shifts and optical rotations of all the analogues indicated the same relative and absolute configuration. All chiral centers in 3-6 had S configuration.
Pitipeptolides A (1) and B (2) have been previously shown to possess weak cytotoxicity towards cancer cells as well as moderate antimycobacterial activities (Luesch et al., 2001) . It is unclear if the relevant targets in eukaryotic and prokaryotic cells are related or the same. However, compounds 3-6 appeared to be less cytotoxic against cancer cells than 1 and 2 in HT-29 colon adenocarcinoma and MCF7 breast cancer cell lines (Table 3 ). The same structural features required for cytotoxic activity against cancer cells do not appear to be critical for the antimycobacterial effect, since compounds 3 and 5 showed similar antimycobacterial activities compared to 1 and 2; strikingly, compound 6 showed the highest potency in the disc diffusion assay against Mycobacterium tuberculosis. Notably, 4 lacked significant activities against both mammalian and bacterial cells. The above findings lead to the following structure-activity relationship conclusions: (1) N-methylation in the Phe unit is important for both cytotoxic and antibacterial activities; (2) the p system in the fatty acid unit is one of the essential features for the cytotoxic activity in mammalian cells, but it is not essential for the antibacterial activity; (3) decreasing the hydrophobicity of certain units (Hmpa ? Hiva and Ile ? Val) decreased the anticancer activity (5 and 6), while on the other hand, particularly 6 possessed increased antibacterial potency. This indicates that the cytotoxic activity in cancer cells could be separated from the antimycobacterial activity, and the selectivity of the antibacterial compounds could be increased through structural modifications. Pitipeptolides did not show any significant antibacterial activities against either the Gram negative bacterium Pseudomonas aeruginosa or the Gram positive bacteria Bacillus cereus and Staphylococcus aureus.
The structures of pitipeptolides suggest they are biosynthesized by a mixed polyketide synthase/nonribosomal peptide synthetase (PKS/NRPS) pathway. N-methylation is one of the modifications characterizing non-ribosomally synthesized peptides. This modification plays an important role in protecting the peptide bond against proteolytic cleavage, and thus influences the biological activity of the peptide (Schaller, 1997; Marahiel et al., 1997) . Thus, cellular stability might be one explanation for the much reduced activities in all our assays of pitipeptolide D (4) which lacks this modification. Non-ribosomal peptide synthetases are also characterized by moderate substrate specificity, which results in structural diversity. This specificity can even be lost when it comes to discrimination between two similar substrates (Marahiel et al., 1997; Magarvey et al., 2006) , which may be the reason for the simultaneous production of the two analogues 5 and 6 that differ from 1 by only one methylene group.
The abundance of pitipeptolides in this sample suggests that this class of cyclic depsipeptides may play an important ecological role. Pitipeptolide A (1) is the major depsipeptide in this series (378 mg, 0.14% of total dry weight) followed by pitipeptolide B (2) (70.5 mg, 0.024% of total dry weight). The production of pitipeptolides C, E and F (3, 5 and 6) (23 mg, 30 mg and 26 mg, respectively, %0.009% of total dry weight each) is about 16 times lower than that of 1, and only 1.1 mg (%0.0004% of total dry weight) of pitipeptolide D (4) was isolated, possibly indicating that 1 is the most beneficial analogue for this organism. In accordance with this conclusion, pitipeptolide A (1) was previously reported as a defensive secondary metabolite that acts as a feeding deterrent at natural concentrations against a range of marine grazers (Cruz-Rivera and Paul, 2007) . Thacker and Paul (2004) have shown that, despite the isolation of a plethora of novel secondary metabolites from different globally distributed collections of L. majuscula, these chemical compounds could not be strictly associated to specific geographical regions. In accordance, a close chemical relationship was noted between this population of L. majuscula from Guam and another collection from Madagascar that yielded the cyclodepsipeptides antanapeptins (Nogle and Gerwick, 2002) . The collection from Madagascar has yielded dolastatin 16 as well as antanapeptins A-D. Similarly, this collection from Guam has yielded the dolastatin 16 analogue pitiprolamide and pitipeptolides A-F (1-6); the latter show structural homology to antanapeptins. Moreover, the structural differences between antanapeptin A-D are the same as between pitipeptolides A-C (1-3) and E (5), summarized as degrees of unsaturation in the fatty acid units and an Ile ? Val displacement. The structural homology between dolastatin 16 and pitiprolamide has been noted before . For simplicity, the structural differences were compared between antanapeptin A (7) and pitipeptolide A (1) (Fig. 3) , which could be summarized as follows: (1) while both compounds have a,bsubstituted octynoic acid units at the same position, 7 has a mono-methyl fatty acid derivative (Hmoya) instead of a dimethyl-fatty acid unit (Dhoya) in 1; (2) 7 incorporates a Hiva unit instead of Hmpa in 1 which is a common displacement as mentioned before, and therefore this particular difference probably Table 1 NMR spectroscopic data for pitipeptolides C (3) and D (4) in CDCl 3 (d in ppm, J in Hz) at 600 MHz. does not require a genetic variation, (3) the biosynthetic gene cluster responsible for 7 is expected to have an additional N-methyltransferase domain associated with the Ile module, (4) 7 lacks the Gly unit, giving a hexa-cyclodepsipeptide instead of the hepta-cyclodepsipeptide as in 1. Because of these differences between both groups of depsipeptides, antanapeptins may have failed to show any toxicity against brine shrimp or any antibacterial activities (Nogle and Gerwick, 2002) . The recently reported marine cyanobacterial depsipeptides cocosamides A and B (Gunasekera et al., 2011) represent another example of cyanobacterial metabolites that share some structural features with pitipeptolides. Cocosamides were isolated from the marine cyanobacterium Lyngbya majuscula from Cocos Lagoon, Guam, and showed weaker cytotoxic activities against HT-29 and MCF7 cancer cell lines than pitipeptolides.
Conclusion
A population of the cyanobacterium Lyngbya majuscula from Piti Bomb Holes in Guam produces a class of bioactive cyclodepsipeptides named pitipeptolides. In addition to the previously reported major analogues pitipeptolides A (1) and B (2), the cyanobacterium contained more analogues, four of which are reported here (3-6). All pitipeptolide analogues have minor structural differences. However, the structural variations gave a better insight into the contribution of some structural features to cancer cytotoxic and antimycobacterial activities.
Pitipeptolides might prove to be privileged structures that could interact with different biological targets. Consequently, those compounds showed several biological activities besides their ecological role. Despite different environmental and geographical regions, chemical similarity was detected between this Guamanian sample and another L. majuscula sample from Madagascar. The structural similarity between the isolated secondary metabolites from both samples suggests genetic similarity, including the putative gene cluster encoding biosynthetic enzymes, and pitipeptolides could be considered analogues of antanapeptins. Notably, those structural modifications uniquely granted the pitipeptolides cytotoxic and antibacterial activities that were not found in the antanapeptins. Therefore, pitipeptolides can be potentially considered as lead compounds and further structural optimization may selectively enhance their cytotoxic or antibacterial activities.
Experimental

General experimental procedures
Optical rotations were measured on a Perkin-Elmer 341 polarimeter, whereas UV and optical density were measured on a SpectraMax M5 (Molecular Devices), and IR data were obtained on a Perkin-Elmer Spectrum One FT-IR Spectrometer.
13 C NMR spectra were recorded on a Bruker 500 MHz spectrometer operating at 125 MHz, whereas 1 H and 2D NMR spectra were acquired on a Bruker Avance II 600 MHz spectrometer. All spectra were obtained in CDCl 3 using residual solvent signals (d H 7.26, d C 77.16 ppm) as internal standards. HSQC and HMBC experiments were optimized for 1 J CH = 145 and 1 J CH = 7 Hz, respectively. HRMS data was recorded on an Agilent LC-TOF mass spectrometer equipped with an APCI/ESI multimode ion source detector in positive ion mode, whereas LC-MS data were obtained using an API 3200 triple quadrupole MS (Applied Biosystems) equipped with a Shimadzu LC system. ESIMS fragmentation data were recorded on an API 3200 by direct injection with a syringe driver. 2-Hydroxy isovaleric acid (Hiva) standards were purchased from Sigma-Aldrich. 2-Hydroxy 3-methyl pentanoic acid (Hmpa) standards were synthesized from isoleucine (Van Draanen et al., 1991) .
Marine cyanobacterial sample
The sample of the marine cyanobacterium Lyngbya majuscula (recollection of UOG strain VP627) was collected at Piti Bomb Holes, Guam, in February 2000. A voucher sample (voucher specimen number EC025) has been preserved at the Smithsonian Marine Station at Fort Pierce, FL.
Extraction and isolation
Freeze-dried L. majuscula (dry weight 269g) was extracted with EtOAc-MeOH (2L Â 3, 1:1, v/v) to afford the crude organic extract (35.5 g). The resulting extract was partitioned between hexanes and MeOH-H 2 O (80:20), the methanolic phase was concentrated to dryness, and the residue was further partitioned between nBuOH and H 2 O. After concentrating the n-BuOH extract in vacuo, the resulting residue (7.2 g) was subjected to silica gel flash chromatography, eluting with CH 2 Cl 2 followed by increasing gradients of i-PrOH in CH 2 Cl 2 , and finally with MeOH. The fraction eluting with 4% i-PrOH in CH 2 Cl 2 was fractionated on a semipreparative reversed-phase HPLC column (YMC-Pack ODS-AQ, 250 Â 10 mm, 5 lm, 2 mL/min; UV detection at 220/254 nm) using a MeOH/ H 2 O linear gradient (75-100% aqueous MeOH over 30 min, and then 100% MeOH for 10 min) to yield 10 collected fractions. Pitipeptolides A (1) (378 mg) and B (2) (70.5 mg) eluted at t R 21.3 min (fraction 4) and t R 23.8 min (fraction 7), respectively. Pitipeptolide C (3) (23 mg) eluted at t R 25 min as a single peak (fraction 9). Further purification of fractions 2 and 3 gave compounds 4, 5 and 6 (see below).
Pitipeptolide D (4) was further purified from fraction 2 (eluting between t R 19.2 and 20.2 min using the conditions mentioned above) using semi-preparative reversed-phase HPLC (Luna C18, 250 Â 10 mm, 5 lm, 2.0 mL/min; UV detection at 200/220 nm) with a MeOH/H 2 O linear gradient (75-100% aqueous MeOH over 20 min, then 100% MeOH for 10 min). The peak eluting at t R 19.9 min was subjected to further purification on another semipreparative reversed-phase HPLC column (Phenomenex Phenylhexyl, 250 Â 10 mm, 5 lm, 2.0 mL/min; UV detection at 220/ 200 nm) using a MeOH/H 2 O linear gradient (85-100% aqueous MeOH over 35 min, and then 100% MeOH for 10 min) to afford 1.1 mg pure compound 4 at t R 20.1 min.
Pitipeptolides E (5) and F (6) co-eluted at t R 20.6 min (fraction 3 from the first HPLC run mentioned above on the YMC-Pack ODS-AQ column) to give an impure fraction (68 mg). An aliquot (5 mg) of this mixture was further purified several times on an analytical reversed-phase HPLC column (Allure Restec C18, 250 Â 4.6 mm, 5 lm, 1.0 mL/min; UV detection at 220/200 nm) using a MeOH/ H 2 O linear gradient (75-100% aqueous MeOH over 35 min, and then 100% MeOH for 10 min) to yield compound 5 at t R 12.2 min (2.2 mg), and compound 6 at t R 12.7 min (1.9 mg). Extrapolating those values suggests a total of about 30 mg of 5 and 26 mg of 6 in this sample.
Pitipeptolide C (3)
Colorless, amorphous solid; ½a 3403, 2961, 2932, 2874, 1727, 1653, 1511, 1464, 1415, 1371, 1188, 1030, 736, 3404, 2964, 1726, 1646, 1506, 1413, 1370, 1275, 1177, 1094, 1032, 967, 805, 733, 
Acid hydrolysis and enantioselective analysis
A sample of compounds 3-6 (0.1 mg each) was hydrolyzed with 6 N HCl (0.5 mL) at 110°C for 24 h. The hydrolysate was concen- samples corresponded to (2S,3S)-Hmpa (30.5) in compounds 3, 4, and 6, and (2S)-Hiva (8.9) in 5.
Cell viability assay
Cells were propagated and maintained in Dulbecco's modified Eagle medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (HyClone Laboratories, Logan, UT) at 37°C humidified air and 5% CO 2 . Cells were seeded in 96-well plates (MCF7 10,500 cells/well; HT-29 13,000 cells/well). After 24 h, cells were treated with various concentrations of the test compound, or solvent control (1% EtOH). After 48 h of incubation, cell viability was measured using MTT according to the manufacturer's instructions (Promega, Madison, WI).
Disc diffusion assay
An inoculum of Mycobacterium tuberculosis [ATCC #25177] was grown in a liquid shake culture (Middlebrook 7H9 broth with glycerol and Middlebrook ADC enrichment) for 12 days at 37°C and adjusted to OD 600 % 0.1. This culture was used to inoculate the agar plates. The test compounds were dissolved in EtOH and three different amounts were loaded on sterile 6-mm filter paper discs. The discs were kept at room temperature for 10 min to dry, and then loaded on the inoculated agar plates. The plates were incubated in a humidified environment at 37°C for 12 days, after which the diameter of zone of inhibition (mm) was measured. Streptomycin was used as positive control and the solvent (10 lL) was used as negative control. The experiment was done in duplicate. 
